A hybrid magnetic-ZnO-based photocatalyst platform is designed for the efficient and simultaneous sunlightdriven photoremoval of cyanobacteria and mineralization of cyanotoxins (anatoxin-A). The photocatalyst killing ability was evaluated against two types of microalgae with different morphology and toxicity, Spirulina platensis paracas and Anabaena flos-aquae. The hybrid photocatalyst Ni@ZnO@ZnS-Spirulina was synthetized by means of a multistep process using Spirulina as biotemplate. The effects of reactor geometry, magnetic actuation, and concordant architecture on photokilling ability were tested. Moreover, the prepared photocatalysts were demonstrated to be effective for the anatoxin-A degradation under artificial sunlight. In the interest of reducing waste content and optimizing resources, photocatalyst recycling after their useful lifetime has ended is proposed through the fabrication of microalgal biofuel-pellets. This inexpensive circular process involves multi-functional algae-based photocatalysts applied to the simultaneous destruction of algae blooms and cyanotoxins and then recycled to close the circle through cultivating biotemplates.
Introduction
The ongoing occurrence of harmful algal blooms (HABs) poses a major risk to water resources and evidences the continuing eutrophication of global aquatic ecosystems. HAB formation is caused by multiple difficult to individualize factors that severely modify water conditions to cause abnormal growth of certain species of algae [1] [2] [3] . In addition to being driven by anthropological and eutrophication activities such as water pollution, HAB formation is promoted by the global temperature increase and is therefore expected to become more widespread in the future. HABs can occur under a wide range of environmental conditions but are most often observed in (sub)tropical regions [4, 5] . Importantly, 25 %-75 % of algal blooms are toxic, producing a wide range of toxins and toxic phytoplankton that adversely affect the health of humans, animals, and aquatic biota. HABs can even change the odor, taste, or color of water, which generally turns red or brown. However, these changes are not always observed [6] [7] [8] . Cyanobacteria are ubiquitous photosynthetic prokaryotes in natural terrestrial and aquatic environments, being capable of growth in adverse environments ranging from deserts to ice-cold waters. Consequently, cyanobacteria blooms and cyanotoxins are commonly found worldwide, e.g., in Europe, Australia, and North America as well as the high-alpine waters of Switzerland [9] [10] [11] [12] . Thus, toxic cyanobacteria blooms are possibly the main HABs because of their formation frequency, global presence, production of a wide range of potent toxins (known as cyanotoxins), and the corresponding reduction in oxygen levels and release of ammonia, which can dramatically affect aquatic biota, especially fish [1] [2] [3] .
Cyanotoxins exert strong adverse effects on humans and animals, and are therefore one of the primary serious risks associated with water resources, causing liver damage, respiratory paralysis, or other fatal conditions even at extremely low concentrations. In general, humans are mainly exposed to cyanotoxins through the ingestion of drinking water or during recreational water activities [13] [14] [15] [16] . Based on their adverse effects on humans/animals, cyanotoxins are mainly grouped into hepatotoxins (comprising microcystins, nodularins, and clyndospermopsin), which can cause dramatic liver damage; neutrotoxins (comprising anatoxin-A, anatoxin-A(s), saxitoxins, β-N-methylamino-Lalanine, and other neurotoxins), which cause death via respiratory paralysis in humans or asphyxiation in animals; cyto-toxins (comprising aplysiatoxins, debromoaplysiatoxins, lyngbyatoxins, and cylindrospermopsin), which cause cell damage that affects several organs such as the small intestine or adrenal glands; and dermatoxins, which cause skin irritation [13] [14] [15] [16] .
In view of the above adverse effects, the World Health Organization (WHO) and the US Environmental Protection Agency (EPA) have established provisional toxin levels in drinking water. For example, WHO recommends that microcystin-LR (hepatotoxin) concentrations in drinking and recreational water should be lower than 1 and 20 μg L −1 , respectively. Similarly, EPA recommends that microcystin-LR (hepatotoxin) and anatoxin-A (neurotoxin) concentrations should be lower than 1.6 and 6 μg L −1 , respectively. Local, national, state, and suprastate regulations and guidelines for water quality generally incorporate the cyanotoxin control for both drinking and recreational water [17] [18] [19] [20] . However, conventional treatments applied in drinking water treatment plants cannot totally eliminate extracellular cyanotoxins, being only suited for the elimination of a very limited number of them. For example, coagulation, flocculation, sedimentation, filtration, flotation, and chlorination cannot effectively remove anatoxin-A [21] [22] [23] [24] . Consequently, the exploration of advanced oxidation (e.g., photocatalysis and photo-Fenton) processes for the effective elimination of cyanotoxins of all types, especially anatoxin-A is a task of high significance. Among these methods, sunlight-driven photocatalysis has been recognized as an efficient, clean, and inexpensive strategy for the mineralization of various persistent organic pollutants and the deactivation of microorganisms in wastewater [25] [26] [27] [28] [29] [30] [31] . Herein, we develop an effective multifunctional hybrid magnetic ZnO-based photocatalyst platform focused on non-toxic Spirulina cyanobacteria for the simultaneous sunlight-driven removal of cyanobacteria blooms and mineralization of cyanotoxins (in particular, anatoxin-A). The employed photocatalyst design aims to both enhance decontamination processes and integrate a cleaner production concept. In doing so, we explore the photocatalyst recycling potential via the incorporation of a green circular process to produce microalgal pellets and microalgal cultivation media and consequently prevent the generation of any types of residue. In this regard, the synthesis of Ni@ ZnO@ZnS-Spirulina hybrid photocatalysts is optimized using a simple multi-step process based on biotemplating, chemical deposition, and sulfidation. Additionally, we explore the photokilling activity of sunlight irradiation and magnetic actuation to remove cyanobacterial blooms and photo-mineralize cyanotoxins -in particular, anatoxin-A. Two types of microalgae -Spirulina platensis paracas and Anabaena flosaquae -were used to test the photokilling activity and effects of reactor geometry and photocatalyst architecture. The magnetic actuation and reusability were also explored. After the photocatalyst had reached its lifetime, the hybrid platform was employed for the production of microalgal pellets (i.e., non-woody biofuels) to obtain energy via combustion, which mainly generates carbon dioxide and microalgal ashes. Finally, to reduce the volume of residue generated during the whole process, microalgal ashes was used as a supplement for the production of inexpensive microalgal cultivation media. Importantly, the high cost of cultivation media is one of the main limiting parameters in the cultivation and commercialization of microalgae. Additionally, the cultivation of new Spirulina microalgae enabled the recycling of microalgal ash, fixation of CO 2 released during the mineralization of anatoxin-A and the combustion of microalgae pellets, and enable the fabrication of more multifunctional Ni@ZnO@ZnS-Spirulina hybrid photocatalysts to result in a green circular process that produces nearly no residue.
Experimental

Synthesis and characterization of Ni@ZnO@ZnS hybrid photocatalysts
Synthesis of Ni@ZnO@ZnS hybrid photocatalysts
Spirulina platensis paracas cyanobacteria-a helical microalga-were selected as the skeleton for the biotemplating process. The microalgae were cultivated in a 30 L glass tank at 30°C using Zarrouk's medium, natural sunlight irradiation (average light intensity of 1350 ± 450 lx), intermittent mechanical agitation (80 rpm; 30 min-15 min on-off cycles), and air bubbling (15 min-60 min on-off cycles). The pH was maintained at a value of 10. Onion-like Ni@ZnO@ZnS hybrid microalgae were synthesized using a scalable multi-step biotemplating process (Fig. 1a) 
Characterization of Ni@ZnO@ZnS hybrid photocatalysts
The Ni@ZnO@ZnS hybrid microalgae were characterized in terms of morphological, architectural and elemental composition characterization using FE-SEM microscope (Hitachi S-4800) equipped with an energy-dispersive X-ray spectroscopy detector. The Brunauer-Emmett-Teller (BET) surface areas were measured from N 2 adsorption-desorption isotherms at 77 K using a Micrometrics Tristar-II. The crystal phases were determined by X-ray diffraction (XRD, Bruker D8 Discovery diffractometer) in the Bragg-Brentano configuration with Cu K α radiation. Magnetic properties were measured at 300 K with superconducting quantum interference device vibrating sample magnetometry (SQUID-VSM, Quantum design MPMS3). Microalgae optical and electronic properties were characterized by UV-vis spectroscopy (PerkinElmer Lambda 900 UV spectrophotometer).
Antimicrobial activity of Ni@ZnO@ZnS hybrid photocatalysts
The antibacterial activity of hybrid microalgae was evaluated against two different species of green-blue microalgae: (i) Spirulina platensis paracas cyanobacteria, which are popularly used as an alimentary supplement (non-toxic microalgae) [32] [33] [34] ; and (ii) Anabaena flos-aquae cyanobacteria, which produce anatoxins (microcystin) [35] [36] [37] . Spirulina platensis paracas and Anabaena flos-aquae were respectively cultivated in Zarrouk's and ASM medium, all under natural sunlight irradiation (average light intensity of 1350 ± 450 lx), intermittent mechanical agitation (80 rpm; 30 min-15 min on-off cycles), and air bubbling (15 min-60 min on-off cycles). In brief, for antimicrobial activity assessment, 250 mL of each microalgae culture (initial concentration 100 ± 10 × 10 3 microalgae mL −1 ) was combined with 150 mg of Ni@ZnO@ZnS hybrid microalgae in dark conditions and kept in the dark for 30 min prior to photo-irradiation. A 75 W Xe lamp (light intensity of 680 ± 10 lx) was used as a simulated solar light source, with UV irradiation (λ < 400 nm) removed by a 400 nm UV cut-off filter. The suspensions were then irradiated with this artificial sunlight for 80 min to determine the antibacterial activity of Ni@ ZnO@ZnS hybrid microalgae photocatalysts. During the irradiation period, the suspensions were also subjected to a 400 Oe rotatory magnetic field at 0, 10, 20 and 30 Hz (magnetic stirrer RH digital -IKA®). All experiments were conducted at room temperature (25 ± 0.2°C). At given timepoints during the experiment, 100 μL of the suspension was collected and analyzed with a hemacytometer. Each experiment was repeated six times to ensure accuracy. Additionally, microalgae biomass growth was determined over an eight-day period in appropriate media containing 0.6 g L −1 of Ni@ZnO@ZnS hybrid microalgae. Each day, three 20 mL samples were extracted from each microalgae cultivation tank and filtered through pre-weighed GF/F Whatman® glass microfiber filters (WHA1825021, Sigma-Aldrich), which were dried in an oven at 40°C and then weighed. Biomass production was calculated as mg L −1 .
Photocatalytic activity of Ni@ZnO@ZnS hybrid photocatalysts
The photocatalytic activity of Ni@ZnO@ZnS hybrid microalgae against cyanotoxins was evaluated using a solution containing 5 ppm of ( ± )-anatoxin-A fumarate (Hello Bio Limited, > 99 %) as a model cyanotoxin. Briefly, 2 mg of Ni@ZnO or Ni@ZnO@ZnS hybrid microalgae were suspended in 5 mL of the cyanotoxin solution in the dark, and kept in the darkroom for 90 min at 25°C to establish an adsorption-desorption equilibrium. A 75 W Xe lamp setup (light intensity of 680 ± 10 lx) was used as a simulated solar light source. To determine photocatalytic activity, the pollutant solutions were exposed to the irradiation and subjected to a 400 Oe magnetic at 0, 10, 20 and 30 Hz (magnetic stirrer RH digital -IKA®). Photodegradation was measured as the temporal evolution of the reduction in ( ± )-anatoxin-A concentration, determined using an ultra-high-performance liquid chromatography (UHPLC) system (Accela; Thermo Fisher Scientific). The separation was performed in a Kinetex HILIC column -100 mm × 2.1 mm i.d., 2.6 μm particle size -(Phenomenex), using a gradient elution of solvent A and solvent B. Solvent A consisted of 95 % (v/v) of acetonitrile + 5 % (v/v) of an aqueous solution, containing 2 mM of ammonium formate and 3.6 mM of formic acid. Solvent B consisted of an aqueous solution of 2 mM of ammonium formate and 3.6 mM of formic acid. The flow rate was 200 μL min -1 and the column temperature was held at 25°C. An isocratic gradient, where the mobile phase was 85 % (v/v) of solvent A and 15 % (v/v) of solvent B, was used. Mobile phases were filtered using 0.22 μm nylon membrane filters (Whatman), and sample extracts were filtered through 0.22 μm pore size Ultrafree-MC centrifuge filters (Millipore). The UHPLC system was coupled to a triple quadrupole mass spectrometer (TSQ Quantum Ultra AM, Thermo Fisher Scientific), equipped with a heated electrospray ionization source (HESI-I). Nitrogen was used as a sheath gas, ion sweep gas and auxiliary gas at flow rates of 60, 20 and 40 a.u. (arbitrary units), respectively. The ion transfer tube temperature was set at 350°C and electrospray voltage at +4.5 kV. Argon was used as a collision gas at 1.5 mTorr. Xcalibur software (version 2.0; Thermo Fisher Scientific) was used to control the LC/MS system and to process data. Mineralization was determined by comparing the initial total organic carbon (TOC) content with its temporal evolution over 180 min; TOC content was measured by a tubular flow microreactor (TOC-V CSH , Shimadzu) with a high-sensibility column operated at 680°C, using the high-temperature combustion method on a catalyst (Pt-Al 2 O 3 ), and with a stream of hydrocarbon-free air to oxidize the organic carbon. Finally, the photocatalysts were magnetically collected, washed dried at 40°C, and reused for five consecutive mineralization runs with the mineralization determined after each recycling experiment.
Recyclability of Ni@ZnO@ZnS hybrid photocatalysts
After their effective lifetime, the photocatalysts were recycled through fabricating microalgae pellets using a single pelletizer machine. Based on the UNE-EN ISO 18134-2 standard, the humidity content of microalgae pellets was determined with a balance (accuracy ± 0.0001 g) and an oven at 105°C. The calorific power of the microalgae pellets was determined using an IKA® calorimeter C5000. Pellets were combusted in a Heraeus M110 Muffel oven (constant temperature of 900°C) to obtain ashes and the ashes were used as a supplement for the cultivation of more Spirulina platensis paracas microalgae. Microalgal biomass growth while supplementing with microalgal ashes was determined using the procedure mentioned above.
Results and discussion
Synthesis and characterization of Ni@ZnO@ZnS hybrid photocatalysts
The synthesis of microorganism-metal/semiconductor hybrids based on the biotemplating approach recently has been demonstrated as an easy method to mass produce and fabricate new complex biomimetic architectures [38] [39] [40] [41] . This approach is of interest because it avoids the production limitations of the main physical methods of manufacturing artificial bio-inspired templates or bio-inspired materials in terms of the amount of material that can be produced and the difficulties of the scalability processes. The biotemplating approach also provides the possibility of reusing hybrids at the end of their useful lifetimes [41] . For example, they can be reused as raw materials for new applications (e.g., the production of biomass), and this would allow the development of competitive materials that are closer to the principles of green chemistry and circular chemistry, thereby promoting a circular economy process with minimal residues.
In this study, the paracas strain of Spirulina was selected as the biotemplate skeleton due to its extended helical shape (Fig. S1 ) (length of 50-130 μm and diameter of 5-9 μm). This can be beneficial for both the photo-antimicrobial activity to kill toxic cyanobacteria and the photocatalytic activity to mineralize cyanotoxins in terms of microorganism-photocatalyst interaction, light tapping, and pollutant adsorption. The shape and dimensions of the microalgae were determined by analyzing 30 different optical micrographs (i.e., more than 90 microalgae). Note that the Spirulina microalgae are non-toxic and inexpensive, and they can grow in both alkaline and saline media. In addition, they can be cultivated in adverse conditions, such as in wastewater, which provides an excellent, inexpensive strategy for the mass production of 3D hybrid helices. Onion-like Ni@ZnO@ZnS-microalgae hybrids were synthesized easily by using a simple and scalable biotemplating multi-step process based on the sequential combination of Ni electroless, the chemical deposition of ZnO, and the sulfidation processes (Fig. 1a) [41] . The detailed morphology and the ferromagnetic and opto-electronic properties of the onion-like helical hybrids are presented in Fig. 1 . As shown in Fig. 1b and c , after the biotemplating multi-step process, continuous and homogeneous coatings of ZnO and ZnS are obtained, well-defined 3D helical springs of Ni@ZnO-Spirulina and Ni@ZnO@ZnS-Spirulina hybrids are formed. The dimensions of the hybrid micro-helices are identical to the dimensions of the Spirulina skeleton, i.e., the length ranged between 50-130 μm, the diameter was about 15-25 μm, and the diameter of the wire was 5-11 μm. The EDS analysis also confirmed the deposition of the successive layers on the entire surface of the microalgae skeleton. For Ni@ZnO@ZnS-Spirulina, note that the surface roughness is higher after the sulfidation process (Fig. 1c) , which may be beneficial for the adsorption of pollutants and trapping light as a consequence of the improvement in the values of the BET surface area values (Fig. S2a) [41] [42] [43] [44] . In addition, the formation of a ZnS layer on the previously deposited ZnO, forming the Ni@ZnO@ZnS-Spirulina hybrid, was confirmed by the identification of extra diffraction peaks at 2 =°2 8.55 (111) and°33.87 (200), matching the cubic ZnS blend structure (JCPDS card 65-1691) [41] [42] [43] [44] . In both diffraction patterns, a broad peak around 2 =°44.5 confirmed the formation of a nanocrystalline Ni coating on the microalgae.
The sedimentation rate also was examined during 10 h period (Fig.  S3a ) in non-stirring conditions, which is an important property to be considered prior to proposing their usage as photocatalysts since rapid sedimentation can reduce the photocatalytic activity. Fig. S3a shows that the sedimentation was negligible during the first eight hours, but it should be considered for longer times, which is not relevant for photocatalytic applications, such as general magnetic stirring or the application of air bubbling, and, consequently, the sedimentation also is inhibited. Therefore, the ZnO-based hybrids that are prepared can be considered to be lightweight photocatalysts. In addition, Ni@ZnO-Spirulina and Ni@ZnO@ZnS-Spirulina hybrids exhibit ferromagnetic properties with a rather weak coercivity (Fig. 1d) , i.e., the saturation magnetization values are ≈26 emu g −1 and ≈25 emu g −1
, the remanence is ≈10 emu g −1 , and the coercivity is ≈231 Oe for both, Ni@
ZnO-Spirulina and Ni@ZnO@ZnS-Spirulina hybrids, respectively. Importantly, the light weight and magnetic properties of photocatalysts allow them to be manipulated magnetically when they are dispersed in aqueous media. For example, when they are dispersed in a liquid, they can be accumulated and collected easily with an NdFeB magnet (Fig.  S3b) , which can be important for the improvement of the photocatalytic performance to remove toxic cyanobacteria blooms and cyanotoxins from water. The optoelectronic properties of ZnO-based hybrids were examined
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by using UV-vis DRS (Fig. 1e) . It is known that the formation of layered ZnO/ZnS heterojunctions, which are too large for photocatalytic applications using visible light, can reduce the bandgap of ZnO and ZnS drastically. Fig. 1e shows that the absorption edge of the Ni@ZnO@ ZnS-Spirulina hybrid has a red shift, and the absorption intensities of light in the UV and visible domains were increased in comparison with the Ni@ZnO-Spirulina hybrid. Therefore, the formation of the ZnS shell makes the band gap smaller (2.88 ± 0.04 eV) compared to the nude ZnO (3.29 ± 0.05 eV). The bandgap energies were calculated using the Tauc relation (Fig. S4) . It is expected that Ni@ZnO@ZnS-Spirulina photocatalysts would exhibit a higher photoresponse in the visible region, and, as a result, they had improved photocatalytic activity in response to sunlight irradiation.
Antimicrobial activity of Ni@ZnO@ZnS hybrid photocatalysts
The photokilling properties of ZnO-based hybrid photocatalysts under the influence of both artificial UV-filtered light irradiation and magnetic actuation (rotatory magnetic field of ∼400 Oe at various rotation speeds) were investigated for two different cyanobacteria, namely, Spirulina platensis paracas (non-toxic) and (ii) Anabaena flosaquae (toxic), mainly producing anatoxin-A, homoanatoxin-A, and anatoxin-A(s) [35] [36] [37] . These filamentous cyanobacteria were selected to (i) analyze the potential of Ni@ZnO@ZnS hybrid photocatalysts for the effective visible-light-driven photokilling of different cyanobacteria blooms and (ii) study the effect of the photocatalyst shape on photocatalyst-microalgae interactions and photokilling activity. Note that Spirulina platensis paracas are extended helical microalgae (identical to the photocatalyst shape), whereas Anabaena flos-aquae are loose irregularly coiled filaments (Fig. 2a) .
Reactor geometry is known to strongly influence heterogeneous catalysis, especially when magnetic components are used, and can reduce catalytic performance as a result of photocatalyst accumulation at points of the strongest magnetic field, which suppresses catalyst-microalgae interactions or hinders light adsorption [45] . Herein, the above effects were probed for two different geometries (Fig. 2b) : a vertical geometry using a cylindrical vertical container with a volume of π × 2 2 × 30 cm 3 and a planar geometry using a cylindrical planar container with a volume of π × 8 2 × 6 cm 3 . The performance of ZnObased hybrid photocatalysts was investigated by following the reduction of living microalgae content under artificial UV-filtered light irradiation and magnetic actuation in both geometries.
Prior to testing magnetically driven photocatalytic activity, we examined the effects of the following parameters on photocatalyst-microalgae interactions: (i) artificial UV-filtered sunlight irradiation in the absence of the photocatalyst; (ii) magnetic actuation in the absence of the photocatalyst; (iii) microorganism-photocatalyst interaction under the dark conditions without magnetic actuation; and (iv) microorganism-photocatalyst interactions in the dark with magnetic actuation.
As expected, the effects of artificial UV-filtered sunlight irradiation (Fig. S5 ) and magnetic actuation (Fig. S6) were negligible in the absence of the photocatalyst. In addition, the effect of the photocatalyst on both types of microalgae under both dark and silent (no magnetic actuation) conditions was imperceptible, as Ni@ZnO-Spirulina and Ni@ ZnO@ZnS-Spirulina hybrid photocatalysts did not exhibit biocidal activity (Fig. S7) . No differences were observed between the two tested reactor geometries. However, after 80 min of magnetic actuation (400 Oe and 30 Hz) in the dark, the survival rates of Spirulina and Anabaena microalgae decreased by 87 and 95 %, respectively (Fig.  S8 ) when the planar geometry was used. Conversely, the effect of magnetic actuation was negligible when the vertical geometry was used, which was ascribed to photocatalyst accumulation at the bottom of the container, thereby hindering the photocatalyst-microorganism interactions. In turn, the depletion of survival rates was attributed to the mechanical destruction of microalgae skeletons due to the photocatalyst vibration and rotation. Note that the effect was higher for Spirulina microalgae, possibly because of their better interaction with the photocatalyst, as both systems had the same shape. Thus, photokilling activity was determined by microorganism species, photocatalyst shape, and reactor geometry.
Ni@ZnO@ZnS-Spirulina photocatalysts exhibited the best photokilling ability for both types of microalgae under artificial UV-filtered sunlight irradiation and magnetic actuation, especially when moderate rotation rates (10 Hz) were used ( Fig. 2c and d) . However, the effect of magnetic actuation was significantly lower when the vertical reactor geometry was used (Fig. S9) as a result of the poor distribution of the photocatalyst in the reaction medium. In addition, photokilling activity was significantly higher under all conditions when the planar geometry was used, as this geometry increased catalyst radiation exposure and thus facilitated light trapping. Consequently, we focused on the planar geometry, in which photokilling activity could be enhanced by applying magnetic actuation.
The higher deactivation of Spirulina microalgae compared to that of Anabaena was ascribed to the differences in their sizes, morphologies, and shapes. In particular, when the rotation rate of the applied magnetic field was considered, the total elimination of Spirulina microalgae was achieved after 10 min (10 Hz), 15 min (20 Hz), 15 min (0 Hz), and 25 min (30 Hz), while the total elimination of Anabaena was attained after 35 min (10 Hz), 40 min (0 Hz), 45 min (20 Hz), and 60 min (30 Hz). The same trend was observed when Ni@ZnO-Spirulina photocatalysts were used (Fig. S10 ), but the photokilling activity was significantly lower because of the low photoresponse of these catalysts under artificial UV-filtered sunlight. Note that as Spirulina microalgae had the same shape as the photocatalysts, we expected improved microalgae-photocatalyst interactions to promote photokilling caused by the formation of reactive oxygen species on the photocatalyst surface cooperatively with the mechanical destruction due to magnetic vibration or rotation. In addition, Ni@ZnO@ZnS-Spirulina exhibited excellent reusability under the conditions of UV-filtered sunlight irradiation, magnetic actuation (10 Hz), and planar reactor geometry during eight consecutive 20-min cycles, i.e., the photokilling activity was constant overall (Fig. S11) . Therefore, the above photocatalyst may be used to combat harmful microalgae blooms under irradiation with solar visible light.
These results demonstrated that photokilling is mainly related to the formation of reactive oxygen species. Importantly, the microorganism-photocatalyst interaction is an important parameter to consider in photocatalyst design, as this interaction enhances photokilling because of the short lifetime of the reactive oxygen species formed on the photocatalyst surface. In addition, moderate magnetic actuation could synergistically enhance photokilling activity by promoting the mechanical destruction of cell walls; however, high rotation rates negatively affected photokilling activity. In these processes, reactor design strongly influenced the efficiency of light adsorption by the photocatalyst, which is very important in the overall photocatalytic activity, photocatalyst distribution in the reaction medium, and photocatalyst-microorganism interactions. The photokilling mechanism remained unclear, as the viability of microalgae was synergistically affected by multiple parameters (e.g., photocatalyst dissolution and biocidal activity); however, in this case, photocatalyst antimicrobial activity was mainly ascribed to the formation of reactive oxygen species.
To explore the potential of Ni@ZnO@ZnS hybrid microalgae under close to natural conditions we monitored microalgal biomass growth in an 8 L tank containing 0.6 mg L −1 of Ni@ZnO@ZnS-Spirulina for five days under agitation (mechanical and intermittent) and irradiation (natural sunlight) conditions identical to those used for the cultivation of the microalgae used as templates. Under these conditions, water hindered continuous light adsorption by the photocatalyst, which was not preferentially placed at the water-air interface. Fig. 3 shows that biomass production moderately increased in presence of the
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photocatalyst during the first two days but strongly decreased subsequently. However, in the absence of the photocatalyst, biomass production continuously increased significantly. Therefore, it is concluded that the Ni@ZnO@ZnS-Spirulina photocatalyst can be considered as an effective tool for the elimination of harmful microalgal blooms.
Photocatalytic activity of Ni@ZnO@ZnS hybrid microalgae
Recently, ZnO-based Spirulina hybrid photocatalysts have been effectively used for the mineralization of persistent organic pollutants [41] . To confirm the multi-functional properties of the Ni@ZnO@ZnS-Spirulina photocatalyst for the simultaneous elimination of toxic cyanobacteria blooms and cyanotoxins under visible light irradiation, the photomineralization of anatoxin-A was explored.
Blank experiments (without photocatalyst) conducted to consider the photolytic degradation of anatoxin or the effect of magnetic actuation showed that no degradation occurred during 120 min exposure to UV-filtered sunlight irradiation or magnetic actuation (Fig. S12) .
The Ni@ZnO@ZnS-Spirulina photocatalyst (0.6 mg mL −1 ) was immersed into a solution containing 5 ppm of ( ± )-anatoxin-A fumarate in the dark for 90 min to reach the absorption-desorption equilibrium, and the mixture was illuminated with artificial sunlight and subjected to magnetic actuation. Reactor geometry was not considered, as small volumes were used in these experiments. Fig. 4a shows that anatoxin was effectively photodegraded, as evidenced by the significant intensity loss of the time-dependent anatoxin peak in the UHPLC chromatogram ; temperature = 25 ± 0.2°C).
A. Serrà, et al. Applied Catalysis B: Environmental 268 (2020) 118745 during artificial sunlight irradiation. Compared to Ni@ZnO-Spirulina (Fig. S13 ), Ni@ZnO@ZnS-Spirulina ( Fig. 4b and Table 1 ) exhibited a significantly higher photocatalytic activity when exposed to artificial sunlight, which was ascribed to the higher photoresponse observed in the visible light domain when the ZnS layer was present. In particular, Ni@ZnO@ZnS-Spirulina exhibited the best anatoxin photodegradation activity of 97.4 ± 0.7 %, during moderate magnetic actuation (20 Hz).
Figs. 4b, c, and S13 and Table 1 show that moderate magnetic actuation significantly improved photodegradation via enhancing the mass transport of anatoxin molecules to the catalyst surface without affecting the light-trapping capability. Although, the above effect has been reported for heterogeneous catalysis, this is the first time it has been described for hybrid photocatalysts. However, high rotation speeds of the magnetic field negatively affected pollutant adsorption on the photocatalyst surface, as exemplified by the fact that photodegradation increased at rotation speeds of up to 20 Hz but decreased at higher speeds (30 Hz). Magnetic irradiation can improve the mass transport but can negatively affect the adsorption-desorption process of pollutants or the trapping of light. According to the Langmuir-Hinshelwood model, at low concentrations, anatoxin degradation agrees with the pseudo-first order kinetics with respect to pollutant concentration (Fig.  S14 ). Fig. 4c shows that mass-normalized kinetic constants determined in presence of the Ni@ZnO@ZnS-Spirulina photocatalyst under quiescent conditions and in a 400 Oe rotatory magnetic field at 10, 20, and 30 Hz were determined as 10.1, 22.5, 24.2, and 10.3 min −1 g −1 , respectively. Fig. 4c clearly shows that moderate rotatory magnetic fields significantly improved the anatoxin photodegradation during artificial sunlight irradiation. The same trend was observed for the Ni@ZnO-Spirulina photocatalyst (Fig. S15 ), although the corresponding kinetics was much slower because of the lower photoresponse in the visible domain.
The mineralization (i.e., total photooxidation of anatoxin to carbon dioxide) was analyzed by measuring the reduction of the total organic content after irradiation [46, 47] . Compared to photodegradation, mineralization was significantly lower, especially for Ni@ZnO-Spirulina ( Fig. 4d and Table 1 ), which was explained by the fact that the total photooxidation of anatoxin involved multiple steps. In addition, the application of a rotatory magnetic field had a lower effect on mineralization than the photodegradation, which was ascribed to the fact that the photocatalyst vibration or rotation facilitates the desorption of intermediates that may have been formed during the stages of anatoxin photooxidation.
The reusability of the Ni@ZnO@ZnS-Spirulina photocatalyst was evaluated by measuring mineralization during eight consecutive cycles. Fig. 5 shows that the above-mentioned photocatalyst exhibited excellent reusability because of minimal photocorrosion activity. It is known that the formation of a ZnS thin layer on ZnO significantly improves photocorrosion resistance, minimizing the release of Zn(II) into the decontaminated water [41] [42] [43] . Importantly, morphological characterization of the reused photocatalyst (Fig. S16) showed that the original architecture and surface were not affected. ; temperature = 25 ± 0.2°C. 
Recyclability of Ni@ZnO@ZnS hybrid microalgae
The aims of green chemistry and circular chemistry are 1) to prevent the production of residues and 2) to increase the efficiency of the use of natural resources, i.e., human capital, energy, and water. Thus, we addressed reinforcing the cleaner production of photocatalysts, recycling them after their effective lifetimes, and explored the fabrication of microalgal pellets. Fig. 6a shows that well-defined, cylindrical pellets (π × 0.5 2 × 3 cm 3 ) were manufactured successfully using a single pelletizer. Importantly, the pellets that were obtained satisfied the requirements of the ISO 17225-6:2014 standard for non-woody pellets [48] [49] [50] [51] , because the ash content was 5.4 ± 0.2 wt. %, the moisture content was 6.8 ± 0.3 wt. %, and the calorific power was 20.1 MJ kg −1 . Thus, the microalgal pellets could be proposed as an efficient biofuel for commercialization. It is important to note that microalgal ashes and gases (mainly CO 2 ) are generated during the combustion of the solid microalgal pellets, but both the ashes and CO 2 can be used to cultivate more microalgal biomass. Thus, the microalgal ashes, which contain nickel and zinc, were used as a supplement of microalgae cultivation media. Importantly, the photocatalytic activity of the obtained ashes after the combustion of these microalgal pellets is zero, thus making it a potential supplement for cultivation of fresh microalgae. Fig. 6b shows that the growth of microalgae biomass was the same when either Zarrouk's medium or the ash-based medium was used, highlighting the additional ability of recycling of the microalgal ashes. The recyclability of the hybrid photocatalysts to produce pellets (i.e., biofuel) and the fact that could replace or supplement the cultivation media of algae (i.e., recycling ashes) inspired the development of a simple, inexpensive circular process based on the cleaner production of effective, multi-functional photocatalysts for photokilling toxic cyanobacteria blooms, with simultaneous mineralization of cyanotoxins, and biofuel production leaving minimal residues.
Conclusions
Hybrid magnetic Ni@ZnO@ZnS-Spirulina photocatalysts are successfully synthesized by a simple sequential chemical treatment without the modification of the micro-helix algae morphology, leading to the formation of onion-like microstructures with excellent light trapping capability, owing the biomimetic structure and low sedimentation rate under stagnant conditions. The hybrids are effective sunlight-responsive photocatalysts for the removal of algae blooms and the corresponding released toxins. In particular, the Ni@ZnO@ZnS-Spirulina photocatalyst shows excellent photokilling activity under UV-filtered sunlight radiation for both types of microalgae (i.e., Spirulina and Anabaena). However, the deactivation of the microalgae was significantly higher for Spirulina microalgae because the photocatalyst-microalgae interaction is favored by mimetic morphology, highlighting the importance of the photocatalyst architecture for efficient interaction with microorganisms. Moderate magnetic rotation rates are attributed to the high photokilling efficiencies. Parallelly, Ni@ ZnO@ZnS-Spirulina under artificial sunlight exhibited excellent photomineralization activity of anatoxin-A and minimal photocorrosion. Similar to the photokilling process, moderate magnetic actuation significantly improves the photocatalytic performance of anatoxin-A photodegradation. Under magnetic actuation, the reduction of the total organic content owing to mineralization is lower than that due to photodegradation, which may be related to the inauspicious movement effect on the weak adsorption of intermediates, making it stop or slow down the overall degradation process. Importantly, after the photocatalyst lifetime, the hybrids can be recycled by biocombustible formation (i.e. microalgae pellets), after which their combustion generates ashes containing Zn and Ni. The ashes serve as a suitable supplement for the microalgae cultivation media, allowing new Spirulina cultivation for biotemplates in a new photocatalyst generation. Consequently, a simple and green circular process with minimal residue production has been proposed for the effective water decontamination, energy production, and microalgae cultivation. 
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